Adsorption equilibrium and kinetic behavior of two toxic heavy metals hexavalent chromium [Cr(VI)] and mercury [Hg(II)] on mustard oil cake (MOC) was studied. Isotherm of total chromium was of concave type (S1 type) suggesting cooperative adsorption. Total chromium adsorption followed BET isotherm model. Isotherm of Hg(II) was of L3 type with monolayer followed by multilayer formation due to blockage of pores of MOC at lower concentration of Hg(II). Combined BET-Langmuir and BET-Freundlich models were appropriate to predict Hg(II) adsorption data on MOC. Boyd's model confirmed that external mass transfer was rate limiting step for both total chromium and Hg(II) adsorptions with average diffusivity of 1.09 × 10 -16 and 0.97 m 2 /sec, respectively. Desorption was more than 60% with Hg(II), but poor with chromium. The optimum pH for adsorptions of total chromium and Hg(II) were 2-3 and 5, respectively. At strong acidic pH, Cr(VI) was adsorbed by ion exchange mechanism and after adsorption reduced to Cr(III) and remained on MOC surface. Hg(II) removal was achieved by complexation of HgCl2 with deprotonated amine (-NH2) and carboxyl (COO-) groups of MOC.
Introduction
Cr(VI) and Hg(II) are considered as two toxic metals found in the environment. Cr(VI) is discharged from tannery, electroplating, metal plating, petroleum refining activities [1, 2] . Several industries like chlor-alkali, battery manufacturing, mining activities, oil and coal combustion, cement production, from scrubber water of coal fired plant, electronics manufacturing plant etc. are responsible for discharge of mercury in environment [2] . In India the maximum concentrations allowed to discharge in inland surface water are 0.01 mg/L for Hg(II) and 0.1 mg/L for Cr(VI) and 2 mg/L for total chromium [Cr(VI) + Cr(III)] [3] .
Adsorption is a highly cost-effective and versatile technology for removal of metal ions from wastewater. In recent years agricultural by products like orange peel, rice husk hazelnut shell, pine bark, etc. were used as biosorbents for removal of several metal ions from wastewater [4, 5] . These agricultural by products are of low cost, biodegradable materials with several functional groups, which act as binding sites for metal ions. A recent review is available on several biosorbents for removal of chromium and Hg(II) from wastewater [6] .
Mustard, a common oil plant available in India belongs to Brassicaceae family [7] . After oil extraction, the solid residue is known as mustard oil cake (MOC). It is used as nitrogenous manure for crops and animal feed [8] . MOC was used for removal of divalent metals like nickel, cadmium and copper [7] [8] [9] and very high removals were achieved with copper ion (454 mg/g) as compared to nickel (3 mg/g) and cadmium (33 mg/g). In aqueous solution, Cr(VI) remains as oxyanion unlike divalent copper, cadmium and nickel and Hg(II) forms strong complexes with chloride ion and removal of Hg(II) from Hg-Cl complexes is difficult.
Most of the published work with MOC and other biosorbents for metal ion removals mainly emphasized on metal uptake value without in-depth analysis of adsorption equilibrium behavior, mechanism of adsorption and mechanistic steps involved in adsorption process. In the present study equilibrium and kinetic behaviors of Cr(VI) and Hg(II) on MOC was studied and mechanism of adsorption of these metal ions by MOC was identified.
Materials and Methods

Materials
Oil was extracted from the mustard seeds and waste matter left after extraction is known as MOC. MOC used in this study as adsorbent was obtained from a small oil mill of Vikasnagar (Uttarakhand, India). MOC was washed with Millipore water in order to remove the oil and impurities. 250 mL of millipore water was used to wash 5 gm of MOC for 4 to 5 times and then kept in oven at 80°C for 6 h. The dried MOC was stored in a beaker in desiccators and used as adsorbent for this study.
Adsorption Experiment
Solution pH, dose of adsorbent, initial concentration of metal ions, effect of competitive ions were variable parameters for this study. In order to study the effect of solution pH, studies were carried out both at uncontrolled and controlled condition. At uncontrolled pH condition, initial pH of solution was adjusted from 2 to 10 for Cr(VI) and from 2 to 7 for Hg(II) using 100 mL of 50 mg/L metal solution. Initial solution pH was adjusted using hydrochloric acid (HCl) and sodium hydroxide (NaOH) of 0.01/0.1 N. 2 g/L of MOC was used and solution pH was left uncontrolled during this experiment. The mixing of MOC in metal solution was achieved in a horizontal shaker at 150 rpm for 3 h. Then effect of controlled solution pH was carried out in a similar way using acetate buffer (of 0.1 mM/L) of required volume to maintain the pH constant during the experiment.
Dose of MOC was varied from 0.1 to 15 g/L with initial concentration of metal ion of 50 mg/L. For Cr(VI), initial solution pH was 2 and 3 and left uncontrolled and for Hg(II) solution pH was constant at 4 and 5 and study was done for 24 h. Initial concentration of Cr(VI) and Hg(II) was varied from 10 to 100 mg/L with 100 mL metal solution in several plastic sealed bottles. MOC added bottles were kept in horizontal shaker at 30°C temperature at 150 rpm. At regular time interval each plastic bottle was withdrawn from shaker.
Effect of other ions on removal of chromium and Hg(II) was studied in presence of common anions present in water like nitrate (NO 3 -), sulphate (SO 4 2-), and phosphate (PO 4 3- ). The respective salts used were: KNO 3 , Na 2 SO 4 , and KH 2 PO 4 . Study was carried out separately with each anion of varying strength (0.01-1 mM/L). Study was carried out with Cr(VI) of 50 mg/L at uncontrolled pH of 2 along with a control (without other ion). In a likely manner study was also carried out with Hg(II) of 50 mg/L at controlled pH of 4.
After adsorption experiment, samples were filtered using Whatman filter paper (grade 1) and final pH and residual total chromium concentration and residual Hg(II) concentrations were estimated. For Cr(VI) adsorption study at varying pH, residual concentration of Cr(VI) was also estimated in filtered samples.
The amount of metal adsorbed on MOC was calculated based on the difference of metal concentrations in aqueous solution before and after adsorption experiment according to Eq. (1).
where,   is the amount of metal adsorbed per unit weight of adsorbent (mg/g) at time ,   and   are the concentrations of metal (mg/L) at initial time and at time  respectively,  is the initial volume of metal solution (L) and m is the mass of MOC (g). When t is equal to the equilibrium time,      ,      , then the amount of metal adsorbed at equilibrium was calculated using the same Eq. (1).
Desorption and Reuse Study
Initially, adsorption study was performed separately with 100 mL of Cr(VI) and Hg(II) of concentration 50 mg/L for 12 h at uncontrolled pH of 3 and controlled pH of 4, respectively. Then the adsorbent was collected and dried at 60˚C and dried adsorbent was used for desorption experiment. For total chromium desorption, different concentrations of NaOH (0.1-6 N) and EDTA (0.02-0.2 N) were used as desorbents. Desorbent volume of 50 mL was taken for each case and desorption experiments were performed in a horizontal shaker at 150 RPM for 12 h. Then the samples were filtered and analyzed for final concentration of total chromium and Cr(VI). For Hg(II), desorption experiment was carried out similarly using KI, HCl and NaOH as desorbents. Desorption amount was calculated using Eq. (2).
where,   is the volume of desorbent used (50 mL),   is the final concentration of metal in solution after desorption (mg/L),   is equilibrium metal concentration after adsorption (mg/L),   is the initial metal concentration before adsorption (mg/L) and   is the volume of metal solution used for adsorption experiment (250 mL).
For reuse study, after desorption process with NaOH, MOC was collected and washed with distilled water and then dried in oven and reused for another cycle. This process was repeated for four cycles (each cycle of adsorption-desorption) with fresh metal solution in each cycle.
Analytical Procedure
Zero point charge of MOC was estimated using immersion technique as described by Fiol and Villaescusa [10] . FESEM and EDX analysis was performed to get image of surface and presence of elements (Hitachi 5500 FESEM). Particle size distribution of MOC was determined using a particle size analyzer (Mastersizer 2000, Malvern). Specific surface area, pore size and pore volume of MOC were determined from BET surface area analysis (Autosorb-IQ MP). Surface groups on MOC were estimated using FTIR technique (Fourier Transfer Infrared Resonance) (Perkin Elmer, PE-RXI).
Concentrations of total chromium in aquatic solutions were evaluated using atomic absorption spectrophotometer (AAS) at specified wavelengths of 428.9 nm (slit width 0.5 nm). Hg(II) con-centration was estimated using AAS at wavelength of 253.7 nm, silt width 0.5 mm (Spectra AA Varian, 55B). Cr(VI) concentration was estimated using spectrophotometer at wavelength of 540 nm by 1,5-diphenyl carbazide method [11] .
Results and Discussion
Characterization of MOC
MOC was observed to contain 4.1% volatile solids and 95.9% fixed solids by weight with density of 1,369 kg/m 3 . pH zpc plays an important role in characterizing the nature of the surface of any adsorbent. The graph for the determination of pH zpc of MOC is shown in Fig. 1(a) . pH zpc of MOC surface was observed at 5.3. The results of the particle size analysis based on the differential volume, as shown in Fig. 1(b) . 10% of the particles in the tested sample were smaller than 317 μm, 50% of the particles were smaller than 657 μm and 90% of the particles were smaller than 1,317 μm.
The surface area of the MOC was determined using standard nitrogen adsorption porosimetric technique employing the BET method. N 2 adsorption isotherm on MOC is shown in Fig. 2 
(a).
Multi-point BET analysis showed that BET specific surface area was 14.84 m 2 /g. Pore size distribution of MOC is given in Fig. 2 It can be seen that MOC had predominant contribution in the mesopore range (2-50 nm). Pore volume of MOC was determined by employing the BJH method and pore volume was 0.010 cc/g.
The FTIR spectrum of MOC before and after Hg(II) and Cr(VI) adsorption is shown in Fig. 3 . The broad absorption peaks between 3,300-3,250 cm -1 was due to cellulose, pectin, lignin and absorbed water [5] . The band at 3,000-2,850 cm -1 can be assigned to the CH stretching and the peak at 2,362 cm -1 was due to NH stretching [7] . The absorption bands at 1,753 cm -1 can be attributed to C = O stretch, due to carboxylic acid [12] . The peak at 1,085 cm -1 was due to C-N stretching [7, 13] . Significant change in band position was observed after adsorption of metal ions and change was more profound for Cr(VI) than Hg(II). EDX spectra of MOC after Cr(VI) and Hg(II) adsorption are shown in Fig. 4 , which proves presence of chromium and mercury ions on MOC surface. 
Effect of Initial Solution pH
Effect of pH on Cr(VI) adsorption was studied both at controlled and uncontrolled condition at varying pH of 2-10. Residual chromium was analyzed as total chromium [Cr(VI) + Cr(III)] and Cr(VI). Concentration of Cr(III) was calculated form the difference of total chromium and Cr(VI). Results of pH effect are shown in Fig. 5 
(a)-(d).
Acidic pH favoured total chromium adsorption and removal decreased with increasing pH for both controlled and uncontrolled condition. At acidic pH, MOC surface was highly protonated and more was electrostatic attraction between oxyanion of chromium and MOC. At uncontrolled pH condition, maximum 82% removal of total chromium was achieved at initial pH of 2. Removal of Cr(VI) was little higher of 90% ( Fig. 5(a) ). Final solution pH (uncontrolled pH condition) after Cr(VI) adsorption is given in Fig. 5(b) . Proton was generated in pH range of 2 to 5 (pH increased to 2.3 and 5.3). At controlled pH of 2, maximum 60% removal of total chromium and 82% removal of Cr(VI) were achieved ( Fig. 5(c) ). Residual concentrations of Cr(III) as (%) of initial Cr(VI) are shown at uncontrolled and controlled pH in Fig. 5 (b) and 5(d), respectively. Residual Cr(III) (%) was higher at controlled pH condition (3.6-23%) as compared to uncontrolled one (0.2-8%) and residual Cr(III) (%) decreased with increase in pH for both conditions. This results show that controlled pH condition favoured higher reduction of Cr(VI) to Cr(III) and this reduced Cr(III) remained in solution resulting lower removal of total chromium.
Removal of Hg(II) was studied by MOC from initial Hg(II) concentration of 50 mg/L with MOC dose of 2 g/L at uncontrolled condition. Initial solution of pH was adjusted at desired value (2 to 7). Under uncontrolled pH condition, at initial pH of 2, removal of Hg(II) was nearly negligible (8.5%) (Fig. 6 ). Hg(II) removal increased with increase in pH and maximum 90% removal was achieved at pH of 6. One control study was carried out without adsorbent to study the effect of pH on Hg(II) precipitation and it was observed that Hg(II) precipitation occurred at pH 6 and above. Since pH change occurred in uncontrolled condition (increase in pH at a b Fig. 4 . EDX spectra of MOC after adsorption of (a) Cr(VI) and (b) Hg(II).
2-4 and drop in pH from 5 to 7), acetate buffer was used to control solution pH. Fig. 6 shows that maximum removal of 85% was achieved at pH of 5 at controlled pH and remained constant beyond that. It can be seen that both uncontrolled and controlled pH similar removal was obtained upto pH 5. From pH 6 and above, higher Hg(II) removal was achieved at uncontrolled pH condition, which could be due to precipitation. Further studies were conducted at uncontrolled pH with Cr(VI) and at controlled pH with Hg(II). 
Effect of Adsorbent Dose
Effect of MOC dose on metal removal was studied varying adsorbent dose from 0.1 to 15 g/L. Dose variation study was carried out at two pH levels: 2 and 3 for Cr(VI) (uncontrolled) and 4 and 5 for Hg(II) (controlled) for 24 h. Equilibrium uptakes (q e ) of total chromium and Hg(II) are shown in Fig. 7 . Maximum uptake of total chromium was 29 mg/g at pH of 2 and 23 mg/g at pH of 3. For Hg(II), maximum uptake achieved was 46 mg/g at pH 4 and 48 mg/g at pH 5. Uptake decreased with increase in MOC dose for both the metals due to unsaturation of adsorbent at a constant concentration of metal ion. Maximum Cr(VI) uptakes of 54.9 mg/g by waste plant biomass and 42.6 mg/g by brown seaweed were reported [14, 15] . Saman et al [16] reported Hg(II) adsorption capacity of 58 mg/g by rasped pith sago residue. Cork stoppers made from outer bark of oak tree was used for Hg(II) removal with an uptake of 18.7 mg/g [17] .
Adsorption Isotherm
Several isotherm models like Langmuir, Freundlich, BET are available in literature to describe isotherm behavior and these models are given respectively in Eq. (3)- (5) [18] .
where,   is the adsorption capacity of the adsorbent (mg/g),  is the affinity constant for adsorption (L/mg) in Langmuir model (Eq. (3)). K f is the Freundlich capacity factor and n is the index of heterogeneity (Eq. (4)). In BET model,   is the amount adsorbed in a complete monolayer,  is equilibrium constant and   is the saturation concentration of adsorbate in water (Eq. (5)). The fitness of the isotherm model with experimental data was verified from correlation coefficient (R 2 ) and root mean square error (RMSE) (Eq. (6)).
where,   and   are metal uptakes observed experimentally and calculated using isotherm model, respectively and n is number of data points.
Isotherm plot for total chromium adsorption on MOC is shown in Fig. 8 . Isotherm shape was concave type without any plateau both at pH 2 and 3 for total chromium. Based on isotherm classification scheme of Giles et al [19] and IUPAC [20] , total chromium adsorption on MOC was of S1 and Type III at both pH 2 and 3. Langmuir model is suitable to predict convex type of isotherm and it failed to describe total chromium adsorption behavior. Nonlinear regression was carried out (MS Office, excel, Solver) to select the isotherm parameters for total chromium adsorption on MOC. It can be seen from Fig. 8 that BET model showed better correlation than Freundlich model at pH of 2 and at pH of 3, both BET and Freundlich models followed experimental data. Table  1 presents isotherm parameters. Based on higher R 2 and lower RMSE values, it can be decided that total chromium adsorption on MOC followed BET isotherm model at pH 2 and 3. S type isotherm for total chromium adsorption suggests low affinity between adsorbate and adsorbent at initial condition and increased affinity at higher equilibrium concentration of adsorbate. In this case the activation energy to remove adsorbate form aqueous phase was concentration dependent and adsorption was of cooperative type.
Hg(II) adsorption isotherm on MOC at pH of 4 and 5 are shown in Fig. 9 . Both at pH 4 and 5, isotherm was convex type with a plateau and then both graphs showed upward curvature at higher a b Fig. 7 . Effect of MOC dose on uptakes of total chromium and Hg(II). [19, 20] . This suggests unrestricted monolayer formation followed by multilayer formation. Both at pH of 4 and 5, monolayer formation was complete at C e value of 38.5 mg/L with uptake 23 mg/g. Langmuir, Freundlich, BET isotherm were unable to describe this adsorption behavior of Hg(II) on MOC. A combined Freundlich-BET equation and a combined Langmuir-BET equation were tried (Eq. (7) and Eq. (8), respectively) [21] .
The plot of isotherm data with fitted models for Hg(II) is shown in Fig. 9 . In Table 2 , model parameters with R 2 and RMSE values are given. It can be seen that both the models fitted Hg(II) adsorption This monolayer followed by multilayer formation was due to blockage of pores of MOC. Isotherm study was carried out at a fixed concentration of Hg(II) with varying dose of MOC. When MOC dose was very high (more sites as compared to metal ion), Hg(II) ion did not penetrate through the pores of MOC. Instead, Hg(II) was adsorbed by functional groups at the outer layer of inners surface of MOC. This adsorbed Hg(II) ion formed a cluster near outer layer of MOC and blocked the pores of MOC and metal ions could not diffuse to functional groups present within the interior surface on MOC due to pore blockage. When MOC dose was less (at same initial Hg(II) concentration), the Hg(II) penetrated deep inside the pores until pores were completely occupied. Similar pore blockage was reported during adsorptions of Cd(II) by porous magnetic chitosan beads [22] and phenol by macroreticular resin [21] . a b Fig. 8 . Isotherm plots of total chromium on MOC at pH 2 and 3.
Effect of Initial Metal Ion Concentration
Uptakes of total chromium and Hg(II) at varying initial concentrations of 10, 50 and 100 mg/L are shown in Fig. 10 . For Cr(VI), initial pH was 3 and solution pH was left uncontrolled. For Hg(II) study was carried out at constant pH of 4. For both the metals, uptake and equilibrium time increased with increase in initial concentrations. The initial concentration provides an important driving force to overcome mass transfer resistance of the adsorbate and adsorbent surface and uptake of metal ion increased.
Adsorption Kinetics
In order to find out the governing step of adsorption process, kinetic data of total chromium and Hg(II) on MOC were analyzed using intraparticle diffusion model [23] (Eq. (9)).
where   is the rate of intraparticle diffusion (mg/L.min 0.5 ).
Intercept,  gives the information on the thickness of the boundary layer and if intercept is zero, then intraparticle diffusion is the sole rate limiting step in adsorption. Plots of   vs.   are shown in Fig. 11 . For Cr(VI), none of the plots passed through origin and three linear regions were observed. The initial sharper portion suggests external surface adsorption followed by gradual adsorption due to intraparticle diffusion and the third region suggests equilibrium stage. For Hg(II), at initial concentration of 10 and 50 mg/L, two linear regions were observed with initial film diffusion followed by intraparticle diffusion. When initial Hg(II) was 100 mg/L, single line was obtained, but it did not pass through origin. This result suggests that intraparticle diffusion was involved but not the sole rate limiting step in adsorptions of total chromioum and Hg(II) by MOC. The rate constant of intraparticle diffusion (k i ) was determined from the slope of the intraparticle diffusion line (second region of   vs   plot) and values of k i are given in Table 3 centration results in an increase of the driving force of adsorption, which caused higher intraparticle diffusion rate. A model proposed by Riechenberg [24] (Eq. (10)) was also used to further confirm the role of external mass transfer during removals of Cr(VI) and Hg(II) by MOC.
where,        ,  is time (min),   and   are metal uptakes at time t and equilibrium, respectively,   is the effective diffusion coefficient of adsorbate in adsorbent phase (cm 2 /min), n is an integer that defines the infinite series solution and R is radius of adsorbent particle. Eq. (10) is modified by substituting  for
.
Reichenberg provided table for Bt value for each value of , which was used to determine Bt values at any time , corresponding to that  (fractional uptake). Bt vs. time were plotted (Boyd's plot) and shown in Fig. 12 . If Boyd's plot is linear and passes through origin, it suggests that adsorption is governed by particle diffusion, otherwise it is controlled by film diffusion [22] . The plots were nonlinear and did not pass through origin for both total chromium and Hg(II), suggesting film diffusion controlled the adsorption process for the studied concentration range (10-100 mg/L).
For each initial Cr(VI) and Hg(II) concentration, the slope of the line (i.e. B) was determined from the linear portion of Bt vs. time plots and given in Table 3 . From  values, effective diffusion coefficients (  ) were calculated (         ). Radius (R) of MOC particle was considered as 328 μm (mean diameter of 657 μm from particle size analysis). Effective diffusion coefficient (  ) values are given in Table 3 /sec), respectively. These indicate that metal adsorption by MOC in the studied range was governed by external mass transfer, diffusion also occurred very slowly through MOC pores.
Effect of Other Ions on Metal Ion Adsorption
The effects of other anions on total chromium and Hg(II) adsorptions on MOC is shown in Fig. 13 . Three anions named phosphate, sulfate and nitrate of varying strength (0.01-1 mM/L) was used along with a control (without anion). None of the three anion showed any inhibitory effect on Hg(II) uptake. For total chromium adsorption, inhibition was in the order of sulfate > phosphate > nitrate. Total chromium removal decreased by almost 50% due to competitive effect of sulfate anion. 
Desorption and Reuse
Desorption of total chromium was studied using NaOH and results are shown in Fig. 12(a) . Maximum 25% desorption was achieved with 2 N NaOH and beyond this strength, desorption decreased. It was observed that more than 90% of desorbed chromium was in the form of Cr(VI) (Fig. 14(a) ). In order to recover Cr(III), a chelating agent like EDTA was used and only 10% desorption was achieved at EDTA strength of 1 N (data not shown). Poor desorption of total chromium could be due to conversion of Cr(VI) to Cr(III) either before /after adsorption process on MOC.
Desorption of Hg(II) from MOC was performed using different strengths (0.5-5 N) of HCl, NaOH and KI and results are shown in Fig. 14(b) . NaOH and KI showed higher desorption of Hg(II) than HCl. With NaOH, maximum desorption was around 70% at 3 N NaOH. When desorption was carried out using KI, maximum desorption of 60% was obtained at 1 N strength of KI. With HCl, maximum 32% desorption was achieved when strength was 5 N. Hg(II) makes strong complexes with iodine present in KI and caused desorption.
After desorption with NaOH, reuse of MOC was studied in four cycles and results are shown in Fig. 14(c) Zero point charge of MOC was also observed at 5.3 and below this pH, adsorbent surface was protonated. FTIR study showed that MOC surface had amine (-NH 2 ) and carboxylic (R-COOH) groups. pH study showed that acidic pH favoured total chromium adsorption (section 3.2). At acidic pH, amine was in protonated form (-NH 3 + ) and it adsorbed oxyanion HCrO 4 -by ion exchange mechanism.
Some reduction of Cr(VI) also occurred during adsorption by MOC (Fig. 5(b) and 5(d) ) and reduction was more in controlled pH condition. Literature reports mentioned that carboxylic group and lignin groups present on MOC surface can behaved as electron donor [25] . The reduction reaction of Cr(VI) is given in Eq. (12) and it shows that more the availability of H+, higher will be forward reaction i.e. more Cr(III) formation.
In controlled pH condition more proton was available (in the form of acetate buffer, to prevent pH increase) and more proton favoured higher reduction of Cr(VI) than uncontrolled pH. Cr(III) remains in aqueous solution as Cr 3+ (dominant specie from pH 1-3), Cr(OH) 2 + (available form pH 3, equimolar with Cr 3+ at pH 4 and dominant at pH 5) and Cr(OH) 2 + (available pH ≥ 5) [26] . At low pH (below pHzpc), MOC surface was protonated and no adsorption of Cr(III) species occurred due to charge repulsion and higher Cr(III) was observed in solution at acidic pH. Above pHzpc, MOC surface was in deprotonated form and Cr(III) species can form complexation with amine and carboxyl groups of deprotonated MOC. It can be concluded that both at uncontrolled and controlled pH condition at pH of 2-4, total chromium removal occurred by ion exchange mechanism. In presence of other anions, total chromium removal decreased significantly (section 3.7). Previous researchers mentioned that when Cr(VI) removal was strongly inhibited by presence of anions in solution, ion exchange was responsible mechanism for Cr(VI) uptake, otherwise chemical reduction was responsible mechanism [27] . At pH 5, surface protonation of MOC was very less and ion exchange was negligible and small amount of total chromium removal was achieved (2-10%), which could be due to complexation of Cr(III) and deprotonated MOC. However, after adsorption of Cr(VI) by ion exchange mechanism, some fraction of this adsorbed Cr(VI) could be reduced by several functional groups on MOC surface. Since Cr(III) is kinetically almost immobile [with lignad exchange rate of 2 × 10 -6 /s of water molecule from the first coordination sphere of Cr(III)] [28] , this reduced Cr(III) remained on the MOC surface. In desorption study, only 25% of chromium was released to solution by NaOH and the remaining 75% was in the form of Cr(III) and remained on MOC surface.
In (aq) . During pH study it was observed that Hg(II) removal remained almost same in uncontrolled pH (absence of acetate) and controlled pH (presence of acetate ion) upto pH of 5, suggesting no remarkable affect of acetate on Hg(II) adsorption from HgCl 2 . In pH study (Fig. 6 ) Hg(II) removal increased with increasing pH. With increase in pH both amine and carboxylic group was in deprotonated forms of -NH 2 and R-COO -, respectively and can form complex with HgCl 2 [30] . At acidic pH, these functional groups on MOC was more protonated (-NH 3 ) and (R-COOH) forms and formed weaker interaction with HgCl 2 so removal of Hg(II) decreased. Since complexation was main mechanism for HgCl 2 uptake, it was independent of presence of anions in solution. During desorption with HCl, release of Hg(II) ion in solution was lesser than NaOH, which could be due to formation of anionic species HgCl 
Conclusions
Adsorption behavior of hexavalent chromium [Cr(VI)] and mercury (HgCl 2 ) on MOC was studied by analyzing adsorption isotherm and kinetics. Characterization studies showed that the mean particle size of MOC was 657 μm and presence of amine and carboxylic groups on MOC surface and pore size distribution of 5-20 nm. The optimum pH for total chromium adsorption was observed in acidic range (2-3) and Hg(II) was from 4-5. Maximum adsorption capacities of total chromium and Hg(II) were observed as 29 mg/g and 48 mg/g, respectively. Total chromium adsorption isotherm was of S1 type and concave shape with cooperative adsorption and followed BET isotherm model. Hg(II) isotherm was of L3 type with initial monolayer followed by multilayer formation. A combined BET-Langmuir was observed as appropriate for Hg(II) adsorption at pH 4 and a combined BET-Freundlich model was ideal for pH 5. Blockage of pores of MOC caused lesser uptake of Hg(II) at lower concentration. Kinetics studies showed that both total chromium and Hg(II) adsorption was governed by external mass transfer. Ion exchange was dominant mechanism for total chromium adsorption and reduction occurred on MOC surface by functional groups. Reduced Cr(III), being highly immobile, desorption was very less. Hg(II) was removed as HgCl 2 by deprotonated amine/carboxylic groups of MOC.
